Salt sensitivity (SS) represents a risk factor for essential hypertension, which has been related to enhanced cardiovascular stress reactivity possibly mediated by increased noradrenergic susceptibility. We investigated biophysiological responses to mental stress in salt-sensitive (ss) and salt-resistant (sr) subjects, hypothesizing lower heart rate variability (HRV) and higher cortisol in the ss. A total of 48 healthy normotensive Caucasian men (age 25.6±2.6, body mass index 22.9±2.3) were phenotyped for SS (defined as significant drop in mean arterial pressure43 mm Hg under the low-salt diet) by a 2-week high-versus low-salt diet. Subjects underwent a standardized mental stress task with continuous cardiovascular monitoring before, during and after the test (Finapres; Ohmeda, Louisville, CO, USA). Blood samples were drawn to examine cortisol and catecholamines before, after and 20 min after stress. The task elicited significant increases of systolic blood pressure (SBP), diastolic BP (DBP) and heart rate (HR) and a significant decrease of HRV (all time effects Po0.0001). The ss subjects showed lower norepinephrine (NE) and higher cortisol, indicated by significant group effects (P ¼ 0.009 and 0.025, respectively). HR increased and HRV decreased more in the ss under the stress, shown by significant time by group interactions (P ¼ 0.045 and 0.003, respectively). The observation of a more pronounced HR rise coupled with a greater decrease of HRV in healthy ss men under the influence of brief mental stress confirms their enhanced physiological stress reactivity. The lower peripheral NE may represent an effort to compensate for increased noradrenergic receptor sensitivity. The enhanced cortisol levels are backed by recent genetic findings on HSD11B2 polymorphisms and may promote hypertension.
Introduction
Studies give clear evidence for the clinical relevance of salt sensitivity (SS), especially its association with an increased risk for the development of hypertension. 1 Moreover, SS predicts mortality independently of elevated blood pressure (BP) 2 and proved to be an independent cardiovascular risk factor in Japanese patients with essential hypertension. 3 The underlying pathophysiological mechanisms are still not fully elucidated but renal, 4 ,5 metabolic, 6 genetic, 7-15 vascular 16, 17 and other factors have been implicated. However, literature presents strong evidence for an altered autonomic nervous system (ANS) function. For example, young normotensive salt-sensitive (ss) men showed a significantly higher pressor response to infused norepinephrine (NE) compared to their salt-resistant (sr) counterparts independent of the diet, indicating sympathetic hyperresponsiveness. 18 Increased cardiovascular reactivity to sympathetic stress induced by cold pressure and delayed recovery were observed in ss children. 19 Our group found heightened cardiovascular reactivity and reduced vagal tone, as indexed by the high frequency (HF) component of heart rate variability (HRV), in young normotensive ss men. 20, 21 The ss subjects showed significantly greater stress-associated rises of diastolic BP (DBP) and heart rate (HR), and significantly lower HRV during baseline and mental stress compared to their sr counterparts. 21 HRV is a non-invasive tool to measure ANS activity of the heart by power spectral analysis of the HR time series. 22, 23 HRV is mainly under vagal control, and the HF component predominantly reflects parasympathetic activity, whereas the low frequency component represents both sympathetic and parasympathetic influence. 24, 25 Differences in HRV between ss and sr individuals were repeatedly described. 26, 27 Whereas in sr hypertensive subjects a high-salt intake increased the HF component, no modulation was observed in ss patients, 28 indicating an insufficient suppression of the sympathetic nervous system (SNS) in ss subjects under high-salt intake, which is in accordance with studies using other indices of sympathetic activity. [29] [30] [31] A second line of evidence points towards a failure in the hypothalamic pituitary adrenocortical axis (HPA) regulation. Cortisol interacts with central, sympathetic and renal mechanisms and plays a potent role in BP regulation. Excess cortisol leads to sodium retention, hypokalemia and elevated BP, whereas decreased cortisol production causes life-threatening hypotension. Research suggests a reduced activity of 11b-hydroxysteroid dehydrogenase type 2 (11b HSD2) in essential hypertension and SS. [8] [9] [10] [11] [12] 11b HSD2 converts cortisol into its less active metabolite cortisone. In the case of absence of the enzyme, caused for example by mutations of the HSD11B2 gene, as in the rare syndrome of apparent mineralocorticoid excess, patients show increased tubular sodium retention, hypokalemia and severe hypertension.
Different polymorphisms of the HSD11B2 gene have been described, independently associated with hypertension, reduced 11b HSD2 activity and SS. [9] [10] [11] [12] [13] [14] A recent study identified the first naturally occurring polymorphisms in the human HSD11B2 promoter region, with differences in the frequency of polymorphisms between ss and sr subjects. 8 In sum, 11b HSD2 is presumably involved in hypertension as well as in SS, but with a different genetic contribution with respect to the polymorphisms.
These genetic findings back and elucidate previous clinical reports. Young normotensive ss subjects do not reduce their peripheral cortisol levels nor increase urinary cortisol metabolite elimination under a high-salt diet as sr subjects do, 32 in line with the prior finding that cortisol excretion decreases under low-salt conditions in healthy subjects. 33 In accordance, subjects with the highest free cortisol excretion show the least sensitivity of BP to dietary sodium loading. 34 Thus, research presents both evidence for an altered ANS and HPA axis function in ss humans and animals. There is further evidence for an increased cardiovascular reactivity to sympathetic and mental stress, [18] [19] [20] [21] possibly mediated by enhanced adrenergic susceptibility. 18 The present study replicated and extended a previous study design 21 by inclusion of a third assessment phase (recovery) since recent research highlights the importance of recovery for cardiovascular health. 35 As a further aspect, serum cortisol was measured and together with the catecholamines assessed at three time points to detect baseline, stress and recovery effects. Based on the literature, we hypothesized decreased HRV, in accordance with our previous work, 21 higher peripheral NE and cortisol levels in ss normotensive subjects under the influence of acute mental stress.
Materials and Methods

Study population
Volunteers were recruited by an advertisement posted on the university campus. Inclusion criteria were (1) male sex, (2) normal body weight (defined as body mass index (BMI) o30 kg m À2 ), (3) no regular alcohol or nicotine consumption, (4) no more than four cups of coffee per day, (5) no medication or other drugs, (6) no current infection and (7) no allergies, asthma or other chronic conditions, namely no hypertension, diabetes mellitus, pulmonary, hepatic, renal, neurological or psychiatric disease. Normal resting BP was determined by a 1.5 h registration, defined by the mean of the last 60 oscillometric measurements (DINAMAP; Criticon, Tampa, FL, USA) in the recumbent position. Resting systolic BP (SBP) should be o135 mm Hg and DBP o85 mm Hg.
Dietary protocol
All study participants underwent a phenotypic characterization of their BP response to a dietary salt-loading/restriction protocol as previously described. 5, 6, 21 Subjects received a standardized low-salt diet containing 20 mmol sodium, 20 mmol chloride, 60 mmol potassium and 20 mmol calcium per day for 14 days. To this diet, a daily supplement of 22 tablets of Slow Sodium (10 mmol NaCl per tablet; CIBA-GEIGY, Horsham, UK) and placebo were each given in a randomized single-blind crossover fashion for 7 days. Dietary compliance was assessed by daily measurement of urine electrolyte excretion. At the end of each week, after a 30 min resting period, BP was measured for assessment of SS in the recumbent position during 1 h at 1-min intervals with an automatic oscillometric device (DINAMAP 1846SX; Critikon). As in previous studies 5, 6 SS was defined as a significant decrease in mean arterial pressure (MAP)43 mm Hg under the low-salt diet calculated as the difference between the average of the 60 readings under the high-and low-salt periods.
Mental stress test
Participants underwent a standardized computerbased information processing task performed under time pressure, the manometer test. 21, 36, 37 Stress testing was performed while subjects were on a free intake diet. All tests and instructions were presented on a computer monitor. Participant responses were produced by manipulating a mouse with the dominant hand. Participants were presented with an increasing number of three to eleven manometer clocks and had to rapidly decide whether one or more hands of the clocks deviated by more than 901 from the direction of an arrow shown on the top of the screen. Wrong answers were indicated by a loud acoustic signal. During the course of the test, the time allowed for the decision was subsequently shortened by 30% until the participants made a mistake. After a mistake, the time allowed for the decision was extended by 30%. This algorithm maintained an individually adapted workload.
Procedure
Participants were advised to abstain from caffeinated substances at least 12 h before the stress experiment. All tests were conducted between 0900 and 1100. Subjects were seated comfortably in a high-backed chair in a quiet room with an ambient temperature of 20-24 1C. Electrodes and transducers for detection of physiological parameters were fastened to the chest, nondominant arm and hand. SBP and DBP were recorded continuously using the Finapres device (Ohmeda, Louisville, CO, USA), attached to the middle digit of the nondominant hand. HR was continuously measured by electrocardiography.
After the first instructions, an intravenous catheter was placed in the dominant forearm. Thereafter, subjects rested for 30 min to get accustomed to the environment. During this period, they completed psychological questionnaires (not shown).
Blood samples for stress hormones were drawn at three time points: immediately before, immediately after and 20 min after the stress test. Participants remained seated at all times. Blood was centrifuged immediately, aliquoted and samples were kept frozen at À24 1C until assayed.
The study protocol including the process of obtaining informed consent was approved by the local ethics committee.
Cardiovascular data analyses
All cardiovascular signals were continuously recorded at 1000 Hz with DOS-Software (Turbolab, Stemmer, Puchheim, Germany). The electrocardiographic and finger BP curves were analysed off-line under visual artefact control by ALYS software (version 1.18, T Sudhop and H Schachinger, Basel, Switzerland).
Continuous monitoring of cardiovascular parameters began with a 5-min resting phase preceding the actual stress task ('R1'). 'Stress' refers to the manometer task itself, with a duration of approximately 8 min depending on the individual algorithm, of which only the first 5 min were used for the analyses. 'R2' indicates a second 5-min resting phase following the stress task. For each of the phases, means of SBP, DBP, HR and HRV were computed. Therefore, cardiovascular parameters reflect an integrated value over a complete measurement period.
Heart rate variability. Power spectral density of HR was analysed by Fourier transformation according to published standards. 23, 25 The HF band (defined as 0.15-0.4 Hz) was used as index of vagally mediated HRV. Respiratory frequency was assessed by calculating the modal value of respiratory frequency tracings during each test period. HRV was logtransformed for statistical analysis.
Hormone analyses Catecholamine analyses. NE and epinephrine (EPI) plasma levels (in ng l À1 ) were measured by reversed phase high-performance liquid chromatography (RP-HPLC) with electrochemical detection using a commercially available reagent kit (Bio-Rad, Munich, Germany). In brief, catecholamines were extracted from plasma samples with alumina using an internal standard (IS) for compensation of variable extraction efficacy. Catecholamines were then re-extracted from alumina using diluted phosphoric acid. This extract was injected onto the analytical column. The HPLC device was composed of an AS-100 autosampler with cooled sample tray (4 1C), a model 1350T pump with SSI LP-21 LOPulse pulse damper, a column heater and a model 1340 electrochemical detector (all instrumentation by Bio-Rad, Munich, Germany, except for the pulse damper: SSI Scientific Systems, State College, PA, USA). Separation was performed at 40 1C. Catecholamines were detected amperometrically at a working potential of þ 0.55 V. Quantification was based on the comparison of the EPI/IS and NE/IS peak height ratios in the unknown samples to the corresponding ratios in the plasma calibrator. Data acquisition and calculations were carried out using ChemStation software (Rev. A. 06.03; Agilent, Waldbronn, Baden-Wü rttemberg, Germany). Interassay coefficients of variation at concentrations between 64 and 1092 ng l À1 were o7% for EPI and at concentrations between 188 and 1305 ng l À1 were o8% for NE, respectively.
Cortisol analysis. Serum cortisol was measured using a solid-phase 125 I radioimmunoassay (Coat-A-Count Cortisol RIA; DPC Biermann GmbH, Bad Nauheim, Germany) counted in a LKB Wallac 1277 Gammamaster Automatic Gamma Counter (Perkin Elmer, Rodgau, Germany). The intraassay coefficient of variation of this RIA was 5.1 % or less in seven trials (n ¼ 20, mean concentration 85.5-938 nmol l À1 ), and the interassay coefficient of variation was 6.4% or less in three trials (n ¼ 20, mean concentration 91.0-993 nmol l À1 ). All samples were measured in duplicate.
Statistical analyses
Data were analysed using the SPSS (version 12.0) statistical software package (SPSS Inc., Chicago, IL, USA). Repeated measures analyses of variance (ANOVA) were performed to determine time, group (ss versus sr) and interaction effects (multivariate tests, Roy's Greatest Characteristic Root). 38 For the cardiovascular variables, time points refer to the means of the 5-min phases (R1, stress, R2). For the stress hormones, time points are before, immediately after and 20 min after stress. Individual post hoc comparisons were performed by t-tests, and educational status differences between ss and sr compared using a w 2 -test. Significance level was set at 5%. Data are indicated as means ± standard deviation (s.d.).
Results
The sample
The final study sample consisted of 48 healthy young Caucasian men (age: 25.6±2.6, BMI 22.9±2.3 kg m À2 ). A total of 14 subjects (29%) were ss. Participants had a mean resting SBP of 110±8 mm Hg and DBP of 56±5 mm Hg. Resting HR was 58±6 beats per minute. Most participants were medical students (n ¼ 37, 77%). The ss and sr subjects did not significantly differ in age, BMI, resting SBP, DBP, HR or educational status.
Cardiovascular stress effects
The stress test elicited significant cardiovascular stress responses, indicated by significant time effects for SBP (GCR(2,45) ¼ 3.172, Po0.0001), DBP (GCR(2,45) ¼ 5.813, Po0.0001), and HR (GCR(2,45) ¼ 1.162, Po0.0001). Comparison of means of R1 and stress phase showed significant rises for SBP, DBP and HR (all Po0.0001).
The ss men showed a higher stress-associated HR rise, indicated by a significant interaction effect (GCR(2,45) ¼ 0.148, P ¼ 0.045) ( Table 1) .
HF decreased with the stress, shown by a significant time effect (GCR(2,45) ¼ 1.255, Po0.0001). This decrease, however, was significantly greater in the ss, as indicated by a significant time by group interaction (GCR(2,45) ¼ 0.304, P ¼ 0.003) and a significant quadratic interaction effect (F[1,46] ¼ 12.846, P ¼ 0.001) (Figure 1 ).
Catecholamines
The ss subjects showed significantly lower NE levels, indicated by a significant group effect (F[1,46] ¼ 7.386, P ¼ 0.009) (Figure 2 ).
For EPI, repeated measures ANOVA revealed a significant time effect (GCR(2,45) ¼ 0.173, P ¼ 0.028). The sr subjects showed a significant stress-associated rise (from 39 ± 20 to 46 ± 20 ng l À1 , P ¼ 0.001), whereas in the ss men, EPI levels stayed almost stable from before to after stress, but significantly decreased after 20 min (from 41±16 to 33 ± 17 ng l À1 , P ¼ 0.005) (Figure 3 ).
Cortisol
We observed higher overall cortisol levels in the ss subjects, supported by a significant group effect (F[1,46] ¼ 5.333, P ¼ 0.025). There was further a significant time effect (GCR(2,45) ¼ 0.377, P ¼ 0.001), referring to an overall decrease of cortisol ( Figure 4 ).
Discussion
The present study investigated cardiovascular parameters and stress hormones in response to mental challenge in ss and sr normotensive men, extending a previous study design 21 by the assessment of recovery effects and cortisol levels. The stressor produced significant increases of SBP, DBP and HR, and a significant decrease of HRV, supporting the effectiveness of the task in eliciting cardiovascular stress. 20, 21, 36 There were significant interaction effects such that HR increased and HRV decreased more in the ss subjects under the stress confirming their enhanced cardiovascular stress reactivity. 20, 21 As a major novel finding, we observed significantly higher cortisol levels in the ss subjects which together with the lower NE suggest an altered stress hormone regulation in this group.
Cardiovascular data
Julius and colleagues have proposed a model of the development of hypertension that involves an early hyperkinetic state characterized by sympathetic hyperactivity, indicated by elevated HR and cardiac output and decreased parasympathetic tone without altered peripheral resistance. 39, 40 Over time, however, the increased HR and cardiac output normalize and are replaced by elevated peripheral resistance that is associated with established hypertension. With this hemodynamic transition vascular responsiveness increases, whereas sympathetic tone tends to decrease.
In accordance with our expectation, our ss participants showed a significantly greater HR increase and HRV decrease under the stress compared to the sr men, whereas their baseline resting and recovery levels did not significantly differ. Thus, the ss subjects showed clear signs of the hyperkinetic state under the acute influence of the stressor that Julius and co-workers have linked to the future development of established hypertension.
Given the natural history of hypertension we would not expect to find indications of altered peripheral resistance such as elevated BP in this young healthy sample. Over time, however, it is more likely that they would develop signs of increased peripheral resistance, whereas their HR and HRV responses may normalize. Similarly, the sr subjects may be more likely to develop hypertension at a later age, if at all, as they do not show any evidence of the precursor hyperkinetic state in their youth. Clearly, longitudinal studies in which young ss and sr subjects are followed into middle age and beyond are necessary to confirm this speculation.
Studies using HRV indices give clear evidence that reduced vagal function is associated with the risk of developing hypertension. 24 Reduced vagal tone as indexed by HF has been found in ss hypertensive subjects at baseline and after orthostatic stress. 26 Confirming the hyperkinetic model, ss hypertension was associated with sympathetic hyperreactivity in young and middle-aged subjects but not in the elderly. 26 Accordingly, young normotensive ss subjects showed disturbed circadian changes of ANS activation with persistent nocturnal predominance of sympathetic activity. 27 Increased SNS activation under brief mental stress has also been demonstrated in normotensive offspring of hypertensive compared to normotensive parents. 41 Muscle sympathetic nerve activity, SBP and DBP increased during stress only in offspring of hypertensive subjects, whereas HR rose in both groups. These findings confirm the occurrence of early functional changes in young healthy subjects at risk for hypertension and underline the prognostic relevance of our data, calling for clinical follow-up of these individuals.
Catecholamines
The finding of lower NE in the ss men contradicts our expectation of heightened sympathetic tone [18] [19] [20] as reflected by increased circulating levels. It also contrasts with the absence of differences in Figure 1 Heart rate variability (HRV; high frequency (HF) power, in ln ms 2 Hz À1 ) in salt-sensitive (ss) and salt-resistant (sr) subjects before, during and after stress (means of 5-min phases). Figure 2 Norepinephrine (NE) levels (ng l À1 ) in salt-sensitive (ss) and salt-resistant (sr) subjects before, after and 20 min after stress.
Salt sensitivity and stressperipheral catecholamines between ss and sr subjects as previously reported. [42] [43] [44] However, our observation is compatible with an increased a-adrenergic susceptibility as suggested in young ss humans and animals, with contrasting data in elderly hypertensive subjects. 44 For example, supersensitivity to NE-mediated vasoconstriction was shown in Dahl ss rats fed a short-term highsalt diet, with the enhanced responses being limited to a-1 adrenoceptors. 45 Significantly greater vasoconstrictor responses to periarterial nerve stimulation and NE were also observed in the mesenteric vasculature of Doca-salt hypertensive rats in comparison with normotensive controls. 46 Upregulation of a-2 and downregulation of b-2 adrenergic receptors were postulated in ss humans to be responsible for the enhanced vasoconstriction and thereby BP raising effect of noradrenergic stimulation. 47 Thus, the reduced circulating NE levels seen in our ss men may represent an effort to compensate for an enhanced adrenoceptor sensitivity. As indicated our study participants were on a free salt intake diet at the time of stress testing. It was repeatedly reported that plasma and urinary NE levels decrease under a high-salt diet in sr subjects but fail to do so in ss subjects. [29] [30] [31] However, in one study young healthy ss men showed significantly lower NE levels under a high-salt diet compared to a low-salt diet, whereas in the sr subjects this difference was also seen but did not reach significance. 48 Despite these inconsistencies, future studies should clearly define the salt regimen at all phases of the experimental protocol.
Compatible with our finding of decreased NE in ss subjects, plasma NE levels were lower in offspring of hypertensive compared to normotensive parents under baseline conditions. 41 However, during stress NE increased in the offspring of hypertensive subjects but not in the controls, in contrast to our observation in the ss men. In healthy volunteers without cardiovascular risk factors a brief mental stressor increased MAP and HR but not peripheral NE levels, 49 which is in line with our data.
Cortisol
The observation of higher cortisol levels in the ss subjects supports our hypothesis and the literature reporting that subjects at risk for hypertension such as borderline hypertensive subjects and those with a family history of hypertension show elevated levels of plasma cortisol. [50] [51] [52] Our finding, however, conflicts with another study in young healthy Caucasians where no differences between 9 ss and 19 sr subjects were found in morning cortisol levels (0830) during both high-and low-salt intake, despite differences in the urinary cortisol excretion, suggesting a cortisol excess in the ss under the high-salt intake. 32 However, cortisol levels vary highly depending on daytime and other factors, restricting comparison across studies.
Decreased activity of 11b HSD2 is postulated in essential hypertension and SS, 8, 9 and variants of the HSD11 B2 gene are thought to contribute to the enhanced blood pressure response to salt in some humans. 10, 15 11b HSD is found in vascular endothelial and smooth muscle cells, backing the notion that an abnormal 11b HSD expression plays a role in common hypertension. 53 Corticosteroids enhance vascular contractility by their permissive effects in potentiating vasoactive responses to catecholamines through glucocorticoid receptors. An increased cortisol response has been associated with an increase in arterial contractile sensitivity to NE and vascular resistance. These findings relate cortisol to the noradrenergic system, a supposed pathway of ss hypertension. 27, 47 Further, the effect of glucocorticoids on vascular reactivity is regulated by 11b HSD. The presence of 11b HSD in many tissues suggests that it modulates the access of Figure 4 Cortisol (nmol l À1 ) in salt-sensitive (ss) and salt-resistant (se) subject before, after and 20 min after stress.
Salt sensitivity and stress CS Weber et al corticosteroids to their receptors at both renal and extra-renal sites. In accordance, a study on healthy men showed increased forearm vascular resistance responsiveness to intra-arterial NE infusion during a cortisone treatment, indicating increased sensitivity to the pressor effects of NE mediated by cortisone. 54 This literature supports our findings. A recent study on promoter polymorphisms reports that glucocorticoid-induced HSD11B2 expression is mainly mediated by cooperation between the glucocorticoid receptor and nuclear factor 1 on the HSD11B2 promoter. 8 The newly defined promoter variants reduce activity and cooperation of connate transcription factors, resulting in reduced HSD11B2 transcription, an effect favouring SS. 8 These findings back our observation of heightened cortisol levels in ss subjects.
The absence of a stress-associated peak of cortisol suggests that our manometer test was not suitable to induce HPA axis activation. This parallels prior research where brief psychological stressors induced significant cardiovascular responses but no significant cortisol increase. [55] [56] [57] The observed decrease most likely reflects the natural diurnal slope, as other authors also concluded. 56 It might be preferable to test subjects in the late afternoon when circadian variation is less prominent.
There are some further points to consider. First, we investigated a comparatively small sample of young Caucasian men. Second, data were obtained by using a laboratory stressor calling for replication in real-life conditions. Third, plasma NE concentrations are the result of peripheral sympathetic nerve ending, adrenal medulla secretion and removal mechanisms and therefore allow only for preliminary interpretation when used as an index of systemic SNS activity. 58 To conclude, our data give evidence for an autonomic imbalance in young healthy ss subjects, indicated by a higher HR rise and larger decrease of HRV. The sympathetic hyperactivity and/or stronger withdrawal of parasympathetic tone under the influence of stress may represent a mechanism by which vascular damage occurs in the long run. The lower peripheral NE levels could be an effort to counterbalance an enhanced a-adrenergic sensitivity. The higher cortisol levels are in accordance with novel genetic findings and may promote hypertension. Across subjects evidence was found for an inverse relationship between cortisol and HRV, which is consistent with the inhibitory role that the prefrontal cortex plays in the regulation of the HPA system response to stress. 59, 60 However, this remains a topic for future study.
